(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 




(43) International Publication Date (10) International Publication Number 

24 February 2005 (24.02.2005) PCT WO 2005/017066 Al 



(51) International Patent Classification 7 : C09K 11/08, 
11/77, H01J 1/63, H05B 33/04 

(21) International Application Number: 

PCT/US2004/021805 

(22) International Filing Date: 8 July 2004 (08.07.2004) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

10/636,016 



7 August 2003 (07.08.2003) US 



(71) Applicant (for all designated States except US): GEL- 
CORE LLC [US/US]; 6180 Halle Drive, Valley View, OH 
44125-4635 (US). 

(72) Inventors: SETLUR, Anant, Achyut; 2081 Orchard 
Park, Niskayuna, NY 12309 (US). SRIVASTAVA, Alok, 
Mani; 1378 Philomena Road, Niskayuna, NY 12309 
(US). COMANZO, Holly, Ann; 2506 Eastern Parkway, 
Niskayuna, NY 12309 (US). 



(74) Agent: MCCOLLISTER, Scott, A.; Fay, Sharpe, Fagan, 
Minnich & McKee, LLP, 1 100 Superior Avenue, Seventh 
Floor, Cleveland, OH 44114-2579 (US). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG, 
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, S Y, TJ, TM, 
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, 

zw. 

(84) Designated States ( unless otherwise indicated, for every 
kind of regional protection available): AR1PO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, 
SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

Published: 

— with international search report 

[Continued on next page J 



(54) Title: DEEP RED PHOSPHOR FOR GENERAL ILLUMINATION APPLICATIONS 



o 

i/5 
o 
o 




16- 



-16 



(57) Abstract: A light emitting device including a 
UV semiconductor light source and a phosphor blend 
including a blue emitting phosphor, a green emitting 
phosphor and a deep red emitting phosphor comprising 
(Ba,Sr,Ca) 3 Mg x Si 2 0 8 :Eu 2+ , wherein l<_x<_2. Also 
disclosed is a phosphor blend comprising a blue emitting 
phosphor, a green emitting phosphor and a red emitting 
phosphor comprising (Ba,Sr,Ca)3Mg x Si 2 O s :Eu 2 . 



WO 2005/017066 Al 1111 II II MIIMIII I llllllll IIIIUIIII IIIC II IIIIL 



For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



WO 2005/017066 



PCT/US2004/021805 



5 

DEEP RED PHOSPHOR FOR GENERAL ILLUMINATION APPLICATIONS 

BACKGROUND OF THE INVENTION 

10 The present invention relates to phosphor compositions, particularly 

phosphors for use in lighting applications. More particularly, the present 
invention relates to a phosphor for converting UV light to red light for use in an 
LED or LCD and a lighting apparatus employing the same. 

Light emitting diodes (LEDs) are semiconductor light. emitters often used 

15 as a replacement for other light sources, such as incandescent lamps. They 
are particularly useful as display lights, warning lights and indicating lights or in 
other applications where colored light is desired. The color of light produce by 
an LED is dependent on the type of semiconducting material used in its 
manufacture. 

20 Colored semiconductor light emitting devices, including light emitting 

diodes and lasers (both are generally referred to herein as LEDs), have been 
produced from Group lll-V alloys such as gallium nitride (GaN). To form the 
LEDs, layers of the alloys are typically deposited epitaxially on a substrate, 
such as silicon carbide or sapphire, and may be doped with a variety of n and p 

25 type dopants to improve properties, such as light emission efficiency. With 
reference to the GaN-based LEDs, light is generally emitted in the UV and/or 
blue range of the electromagnetic spectrum. Until quite recently, LEDs have 
not been suitable for lighting uses where a bright white light is needed, due to 
the inherent color of the light produced by the LED. 

30 LEDs rely on its semiconductor to emit light. The light is emitted as a 

result of electronic excitation of the semiconductor material. As radiation 
(energy) strikes atoms of the semiconductor material, an electron of an atom is 
excited and jumps to an excited (higher) energy state. The higher and lower 
energy states in semiconductor light emitters are characterized as the 

35 conduction band and the valence band, respectively. The electron, as it returns 
to its ground energy state, emits a photon. The photon corresponds to an 
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energy difference between the exited state and ground energy state, and 
results in an emission of radiation. 

Recently, techniques have been developed for converting the light 
emitted from LEDs to useful light for illumination purposes. In one technique, 
5 the LED is coated or covered with a phosphor layer. By interposing a phosphor 
excited by the radiation generated by the LED, light of a different wavelength, 
e.g., in the visible range of the spectrum may be generated. Colored LEDs are 
often used in toys, indicator lights and other devices. These LEDs typically 
contain a UV emitting LED and a red, blue, green or other color emitting 

10 phosphor. Manufacturer's are continuously looking for new colored phosphors 
for use in such LEDs to produce custom colors and higher luminosity. 

In addition to colored LEDs, a combination of LED generated light and 
phosphor generated light may be used to produce white light. The most 
popular white LEDs consist of blue emitting GalnN chips. The blue emitting 

15 chips are coated with a phosphor that converts some of the blue radiation to a 
complimentary color, e.g. a yellow-green emission. Together, the blue and 
yellow-green radiation produces a white light. There are also white LEDs that 
utilize a UV emitting chip and a phosphor blend including red, green and blue 
emitting phosphors designed to convert the UV radiation to visible light. 

20 One known yellow-whitish light emitting device comprises a blue light- 

emitting LED having a peak emission wavelength at about 450 nm combined 
with a yellow light-emitting phosphor, such as cerium doped yttrium aluminum 
garnet Y 3 AI 5 0 2 :Ce 3+ ("YAG:Ce"). The phosphor absorbs a portion of the 
radiation emitted from the LED and converts the absorbed radiation to a yellow 

25 light. "The remainder of the blue light emitted by the LED is transmitted through 
the phosphor and is mixed with the yellow light emitted by the phosphor. A 
viewer perceives the mixture of blue and yellow light, which in most instances is 
perceived as a whitish-yellow light. Such a device, while suitable for limited 
applications, fails in applications where a true bright white light of high intensity 

30 and brightness is desired. 

In addition to this somewhat limited emission intensity, the color output 
of such an LED-phosphor system varies greatly due to frequent, unavoidable 
routine deviations from desired parameters (i.e. manufacturing systemic errors) 
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during the production of the light. For example, the color output of the finished 
device is very sensitive to the thickness of the phosphor layer covering the 
LED. If the phosphor is too thin, then more than a desired amount of the blue 
light emitted by the LED will penetrate through the phosphor and the combined 
5 phosphor-LED output will appear bluish. In contrast, if the phosphor layer is 
too thick, then less than a desired amount of the blue LED light will penetrate 
through the phosphor layer. In this case, the combined phosphor-LED output 
will appear yellowish. Therefore, the thickness of the phosphor layer is an 
important variable affecting the color output of a blue LED based system. 
10 Unfortunately, the thickness of the phosphor layer is difficult to control during 
large-scale production of LED-phosphor lamp systems, and the variations in 
phosphor thickness often result in relatively poor lamp to lamp color control. In 
addition, lamp to lamp variations occur due to the varying of the optical power 
from chip to chip. 

15 The use of a UV LED chip to manufacture such a white-light system 

should give superior color performance compared to those based on blue LED 
chips since the UV chip is not appreciably contributing to the visible color of the 
LED. Recent advances, such as those disclosed in U.S. Patent No. 6,255,670, 
are directed to the use of specific phosphor systems in conjunction with a UV 

20 emitting LED to emit white light. While effective, new phosphor combinations 
are needed to produce efficient white light with various spectral outputs to meet 
the needs of different market segments. 

Particularly, phosphor blends utilizing deep red phosphors are desired to 
produce light sources having a high color rendering index (CRI). Two deep red 

25 phosphors currently being used in such applications are (Ca,Sr)S:Eu 2+ and 
3.5MgO*0.5MgF 2 *GeO 2 :MN 4+ (MFG). However, new deep red phosphors 
exhibiting stronger near-UV absorption and more flexible emission spectrums 
are currently being sought. Thus, a need exists for a new deep red phosphor 
emitting in the 620-700 nm range and displaying high quanfum efficiency and 

30 strong absorption of UV radiation to produce both colored and white-light LEDs 
as well as for use in liquid crystal display (LCD) devices. 
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SUMMARY OF THE INVENTION 

In a first aspect, the invention provides a white-light emitting device 
including a UV semiconductor light source having a peak emission from about 
250 to about 430 nm and a phosphor blend including a blue emitting phosphor, 
5 a green emitting phosphor, and a deep red emitting phosphor comprising 
(Ba l Sr > Ca) 3 Mg x Si20 8 :Eu 2+ t Mn 2+ , wherein 1<x<2. 

In a second aspect, the present invention provides a phosphor blend 
comprising a blue emitting phosphor, a green emitting phosphor, and a deep 
red emitting phosphor comprising (Ba,Sr J Ca) 3 MgSi20 8 :Eu 2+ l Mn 2+ , wherein 
10 1<x<2, and further wherein said phosphor blend is capable of producing white 
light when excited with UV radiation. 

In a third aspect, the invention provides an illumination system including 
a UV semiconductor light source and a phosphor comprising 
(Ba,Sr,Ca) 3 MgSi208:Eu 2+ , Mn 2+ , wherein 1^x<2. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a schematic cross-sectional view of an illumination system 
in accordance with one embodiment of the present invention. 

FIGURE 2 is a schematic cross-sectional view of an illumination system 
20 in accordance with a second embodiment of the present invention. 

FIGURE 3 is a schematic cross-sectional view of an illumination system 
in accordance with a third embodiment of the present invention. 

FIGURE 4 is a cutaway side perspective view of an illumination system 
in accordance with a fourth embodiment of the present invention. 
25 " FIGURE 5 is a graph of the absorption and emission spectra of 

(Ba,Sr,Ca) 3 MgSi 2 0 8 :Eu 2+ , Mn 2+ 

FIGURE 6 is a graph of the emission spectrum of 
(Ba,Sr,Ca) 3 MgSi 2 08:Eu 2+ , Mn 2+ for two different spectral concentrations of Sr. 

FIGURE 7 is a graph of the emission spectrums of both stochiometric 
30 and excess Mg containing (Ba,Sr,Ca) 3 MgSi 2 08:Eu 2+ , Mn 2+ . 

FIGURE 8 is a view of an LCD unit and an LED-based backlighting 
system therefore. 
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DETAILED DESCRIPTION OF THE INVENTION 

Phosphors convert radiation (energy) to visible . light. Different 
combinations of phosphors provide different colored light emissions. The 
colored light that originates from the phosphors provides a color temperature. 
5 An ultraviolet (UV) conversion phosphor material (phosphor material) 

converts generated UV and near-UV radiation to visible light. The color of the 
generated visible light is dependent on the particular components of the 
phosphor material. The phosphor material may include only a single phosphor 
composition or two or more phosphors of basic color, for example a particular 

10 mix with one or more of a yellow and blue phosphor to emit a desired color 
(tint) of light. As used herein, phosphor material is intended to include both a 
single phosphor as well as a blend of two or more phosphors. 

It was determined that an LED lamp that produces a bright-white light 
• would be useful to impart desirable qualities to LEDs as light sources. 

15 Therefore, in one embodiment of the invention, a luminescent material 
phosphor conversion material blend (phosphor blend) coated LED is disclosed 
for providing white light. The individual phosphors and a phosphor blend 
including the individual phosphors convert radiation at a specified wavelength, 
for example radiation from about 250 to about 430 nm as emitted by a UV LED, 

20 into visible light. The visible light provided by the phosphor blend comprises a 
bright white light with high intensity and brightness. 

With reference to Figure 1 , an exemplary light emitting assembly or lamp 
10 is shown in accordance with one embodiment of the present invention. The 
light emitting assembly 10 comprises a semiconductor UV radiation source, 

25 such as a light emitting diode (LED) chip 12 and leads 14 electrically attached 
to the LED chip. The leads 14 may comprise thin wires supported by a thicker 
lead frame(s) 16 or the leads may comprise self supported electrodes and the 
lead frame may be omitted. The leads 14 provide current to the LED chip 12 
and thus cause the LED chip 12 to emit radiation. 

30 The lamp may include any semiconductor UV light source that is 

capable of producing white light when its emitted radiation is directed onto the 
phosphor. In a preferred embodiment, the semiconductor UV light source 
comprises a LED doped with various impurities. Thus, the LED may comprise 
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a semiconductor diode based on any suitable lll-V, ll-VI or IV-IV semiconductor 
layers and having an emission wavelength of about 370 to 450 nm. Preferably, 
the LED may contain at least one semiconductor layer comprising GaN, ZnSe 
or SiC. For example, the LED may comprise a nitride compound 
5 semiconductor represented by the formula InjGajAlkN (where 0<i; 0<j; 0<k and i 
+J +k =1) having an emission wavelength greater than about 370 nm and less 
than about 450 nm. Preferably, the UV chip has a peak emission wavelength 
from about 400 to about 410 nm. Such LED semiconductors are known in the 
art. The radiation source is described herein as an LED for convenience. 

10 However, as used herein, the term is meant to encompass all semiconductor 
radiation sources including semiconductor laser diodes. 

The LED chip 12 may be encapsulated within a shell 18, which encloses 
the LED chip and an encapsulant material 20. The shell 18 may be, for 
example, glass or plastic. Preferably, the LED 12 is substantially centered in 

15 the encapsulant 20. The encapsulant 20 is preferably an epoxy, plastic, low 
temperature glass, polymer, thermoplastic, thermoset material, resin or other 
type of LED encapsulating material as is known in the art. Optionally, the 
encapsulant 20 is a spin-on glass or some other high index of refraction 
material. Preferably, the encapsulant material 20 is an epoxy or a polymer 

20 material, such as silicone. Both the shell 18 and the encapsulant 20 are 
preferably transparent or substantially optically transmissive with respect to the 
wavelength of light produced by the LED chip 12 and a phosphor composition 
22 (described below). Alternately, the lamp may 10 may. only comprise an 
encapsulant material without an outer shell 18. The LED chip 12 may be 

25 supported, for example, by the lead frame 16, by the self supporting electrodes, 
the bottom of the shell 18, or by a pedestal (not shown) mounted to the shell or 
to the lead frame. 

The structure of the illumination system includes a phosphor 
composition 22 radiationally coupled to the LED chip 12. Radiationally coupled 
30 means that the elements are associated with each other so radiation from one 
is transmitted to the other. In a preferred embodiment, the phosphor 
composition 22 is a blend of two or more phosphors, as will be detailed below. 
This phosphor composition 22 is deposited on the LED 12 by any appropriate 
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method. For example, a water based suspension of the phosphor(s) can be 
formed, and applied as a phosphor layer to the LED surface. In one such 
method, a silicone slurry in which the phosphor particles are randomly 
suspended is placed around the LED. This method is merely exemplary of 
5 possible positions of the phosphor composition 22 and LED 12. Thus, the 
phosphor composition 22 may be coated over or directly on the light emitting 
surface of the LED chip 12 by coating and drying the phosphor suspension 
over the LED chip 12. Both the shell 18 and the encapsulant 20 should be 
transparent to allow white light 24 to be transmitted through those elements. 

10 Although not intended to be limiting, in one embodiment, the median particle 
size of the phosphor composition may be from about 1 to about 1 10 microns. 

FIG. 2 illustrates a second preferred structure of the system according to 
the preferred aspect of the present invention. The structure of the embodiment 
of FIG. 2 is similar to that of FIG. 1, except that the phosphor composition 122 

15 is interspersed within the encapsulant material 120, instead of being formed 
directly on the LED chip 112. The phosphor (in the form of a powder) may be 
interspersed within a single region of the encapsulant material 120 or, more 
preferably, throughout the entire volume of the encapsulant material. UV light 
126 emitted by the LED chip 112 mixes with the light emitted by the phosphor 

20 composition 122, and the mixed light appears as white light 124. If the 
phosphor is to be interspersed within the encapsulant material 120, then a 
phosphor powder may be added to a polymer precursor, loaded around the 
LED chip 112, and then the polymer precursor may be cured to solidify the 
polymer material. Other known phosphor interspersion methods may also be 

25 used; such as transfer loading. 

FIG. 3 illustrates a third preferred structure of the system according to 
the preferred aspects of the present invention. ' The structure of the 
embodiment shown in FIG. 3 is similar to that of FIG. 1, except that the 
phosphor composition 222 is coated onto a surface of the shell 218, instead of 

30 being formed over the LED chip 212. The phosphor composition is preferably 
coated on the inside surface of the shell 218, although the phosphor may be 
coated on the outside surface of the shell, if desired. The phosphor 
composition 222 may be coated on the entire surface of the shell or only a top 
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portion of the surface of the shell. The UV light 226 emitted by the LED chip 
212 mixes with the light emitted by the phosphor composition 222, and the 
mixed light appears as white light 224. Of course, the embodiments of FIGS. 
1-3 may be combined and the phosphor may be located in any two or all three 
5 locations or in any other suitable location, such as separately from the shell or 
integrated into the LED. 

In any of the above embodiments, the lamp 10 may also include a 
plurality of scattering particles (not shown), which are embedded in the 
encapsulant material. The scattering particles may comprise, for example, 

10 AI2O3 particles such as alumina powder or Ti0 2 particles. The scattering 
particles effectively scatter the coherent light emitted from the LED chip, 
preferably with a negligible amount of absorption. The coupling of the diffuse 
scattered LED light with the phosphor is advantageous in reducing optical 
saturation effects and physical damage of the phosphor material. 

15 As shown in a fourth embodiment in Figure 4, the LED chip 412 may be 

mounted in a reflective cup 430. The cup 430 may be made from or coated 
with a reflective material, such as alumina, titania, or other dielectric powder 
known in the art. A preferred reflective material is Al 2 0 3 . The remainder of the 
structure of the embodiment of FIG. 4 is the same as that of any of the previous 

20 Figures, and includes two leads 416, a conducting wire 432 electrically 
connecting the LED chip 412 with the second lead, and an encapsulant 
material 420. 

In one embodiment, the phosphor composition 22 used in the invention 
is a composition having the general formula (Ba 1 Sr,Ca)3MgSi 2 0 8 :Eu 2+ 1 Mn 2+ . 

25 The total doping levels of Eu 2+ and Mn 2+ can range from 0.1 to about 40%, with 
Eu 2+ ranging from about 0.1-40% and Mn 2+ ranging from 0.1 to 20%. In such 
an embodiment, the resulting lighting system will produce a light having a deep 
red color, the characteristics of which will be discussed in more detail below. 
Alternatively, an excess of Mg 2+ may be included in the phosphor to produce an 

30 "off-stoichiometry H phosphor having the formula (Ba,Sr,Ca) 3 MgxSi 2 OB:Eu 2+ , 
Mn 2+ , wherein 1<x<2. For convenience, when used herein, the formula 
(Ba l Sr,Ca)3MgSi 2 08:Eu 2+ I Mn 2+ is intended to include these off-stoichiometry 
formulations as well unless stated otherwise. 
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In another embodiment, the phosphor composition 22 is a blend of three 
or more phosphors. When used in a lighting assembly in combination with a 
UV LED emitting radiation in the range of about 235 to 430 nm, the resultant 
light emitted by the assembly will be a white light. In one embodiment, the 

5 phosphor composition comprises a blend of at least one blue emitting 
phosphor, a green emitting phosphor, and a deep red phosphor having the 
general formula described above. The (Ba 1 Sr I Ca)3MgSi 2 0 8 :Eu 2+ , Mn 2+ 

phosphor for use in the phosphor composition may be produced by a method 
comprising the steps of: (1) providing stoichiometric (or an excess of Mg as 

10 detailed above for an off-stoichiometric phosphor composition) amounts of 
oxygen-containing compounds of Ba, Sr, and/or Ca; oxygen-containing 
compounds of Mg; and oxygen-containing compounds of Si; (2) mixing together 
the oxygen-containing compounds to form a mixture; and (3) firing the mixture 
in air or a reducing atmosphere at a temperature and for a time sufficient to 

15 convert the mixture to a cerium and terbium-activated phosphor having the 
above formula. 

A fluxing agent may be added to the mixture before or during the step of 
mixing. This fluxing agent may be NH 4 CI or any other conventional fluxing 
agent, such as a fluoride of at least one metal selected from the group 

20 consisting of terbium, aluminum, gallium, and indium. A quantity of a fluxing 
agent of less than about 20, preferably less than about 10, percent by weight of 
the total weight of the mixture is adequate for fluxing purposes. 

The oxygen-containing compounds may be mixed together by any 
mechanical method including, but not limited to, stirring or blending in a high- 

25 speed blender or a ribbon blender. The oxygen-containing compounds may be 
combined and pulverized together in a bowl mill, a hammer mill, or a jet mill. 
The mixing may be carried out by wet milling especially when the mixture of the 
oxygen-containing compounds is to be made into a solution for subsequent 
precipitation. If the mixture is wet, it may be dried first before being fired under 

30 a reducing atmosphere at a temperature from about 900°O to about 1700°C, 
preferably from about 1000°C to about 1600°C, more preferably from about 
1200°C to about 1500°C for a time sufficient to convert all of the mixture to the 
final composition. The firing may be conducted in a batchwise or continuous 
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process, preferably with a stirring or mixing action to promote good gas-solid 
contact. The firing time depends on the quantity of the mixture to be fired, the 
rate of gas conducted through the firing equipment, and the quality of the gas- 
solid contact in the firing equipment. Typically, a firing time up to about 10 

5 hours is adequate. The reducing atmosphere typically comprises a reducing 
gas such as hydrogen, carbon monoxide, or a combination thereof, optionally 
diluted with an inert gas, such as nitrogen, helium, neon, argon, krypton, xenon, 
or a combination thereof. Alternatively, the crucible containing the mixture may 
be packed in a second closed crucible containing high-purity carbon particles 

10 and fired in air so that the carbon particles react with the oxygen present in air, 
thereby, generating carbon monoxide that is needed to provide the reducing 
atmosphere. 

One or more of the starting materials for the phosphor synthesis may be 
oxygen-containing compounds other than oxides, such as nitrates, sulfates, 

15 acetates, citrates, carbonates, hydroxides, or oxalates of the metal 
constituents. These compounds may be blended and dissolved in a nitric acid 
solution. The strength of the acid solution is chosen to rapidly dissolve the 
oxygen-containing compounds and the choice is within the skill of a person 
skilled in the art. Ammonium hydroxide is then added in increments to the 

20 acidic solution. An organic base such as methanolamine, ethanolamine, 
propanolamine, dimethanolamine, diethanolamine, dipropanolamine, 
trimethanolamine, triethanolamine, or tripropanolamine may be used in place of 
ammonium hydroxide. 

The precipitate is filtered, washed with deionized water, and dried. The 

25 dried " precipitate is ball milled or otherwise thoroughly blended and then 
calcined in air at about 400°C to about 1600°C for a sufficient time to ensure a 
substantially complete dehydration of the starting material. The calcination 
may be carried out at a constant temperature. Alternatively, the calcination 
temperature may be ramped from ambient to and held at the final temperature 

30 for the duration of the calcination. The calcined material is similarly fired at 
1 200-1 600°C for a sufficient time under a reducing atmosphere such as H 2 , 
CO, or a mixture of one of theses gases with an inert gas, or an atmosphere 
generated by a reaction between a coconut charcoal and the products of the 
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decomposition of the oxygen-containing compounds to covert all of the calcined 
material to the desired phosphor composition. 

Figure 5 is a graph of the absorption and emission of 
(Ba 1 Sr) 3 MgSi 2 08:Eu 2+ . The emission spectrum used 405 nm light to excite the 
5 phosphor. The emission spectrum shows two emission peaks, the first at 
around 430-475 nm (corresponding to Eu 2+ emission) and the second at 
around 610-700 nm (corresponding to Mn 2+ emission). In addition to being 
quite efficient, this emission profile can be modified by varying the amount of Sr 
in the phosphor. Thus, as shown in figure 6, adding a greater percentage of Sr 

10 to the phosphor will shift the emission wavelength of the second emission peak 
to a longer wavelength. This results in a very versatile phosphor that can be 
used in a variety of applications by simply modifying the amount of individual 
components in the phosphor. This emission is quite preferred for generating 
red photons for use in deep red colored LEDs as well as the red component in 

1 5 a white light phosphor blend. 

Similarly, as seen in Figure 7, adding an excess of Mg, as described 
above, produces an emission spectrum have excellent phase purity as well as 
two distinct emission peaks, as compared to a stoichiometric sample, which 
produces an emission spectrum having additional minor emissions at 

20 intermediate wavelengths. 

In a second embodiment, the phosphor composition includes a blend of 
the (Ba,Sr,Ca) 3 MgSi20 8 :Eu 2+ phosphor described above and a green, blue and, 
optionally a blue-green, yellow-orange, and/or red emitting phosphor to create 
a white light emitting phosphor blend. Any known green and blue phosphor 

25 suitable for use in UV LED systems may be used. In addition to the green and 
blue phosphors, a yellow-orange and/or red phosphor may be used in the blend 
to customize the white color of the resulting light. Other blue-green, green, 
orange or additional phosphor may also be included based on the needs of the 
manufacturer. While not intended to be limiting, suitable phosphor for use in 

30 the blend with the (Ba f Sr l Ca)3Mg x Si 2 08:Eu 2+ phosphor include: 



BLUE: 

(Ba,Sr l Ca) 5 (P0 4 ) 3 (Cl l F l Br, OH):Eu 2+ , Mn 2+ , Sb 3+ 
(Ba l Sr t Ca)MgAI 10 Oi 7 :Eu 2+ ,Mn i+ 
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(Ba,Sr,Ca)BP0 5 :Eu 2+ , Mn 2+ 
(Sr,Ca) 10 (PO 4 ) 6 *nB 2 O 3 :Eu 2+ 
2SrO*0. 84P 2 O 5 *0. 1 6B 2 0 3 : Eu 2+ 
Sr 2 Si 3 0 8 - 2 SrCI 2 .Eu 2+ 
5 Ba 3 MgSi 2 0 8 :Eu 2t 

Sr 4 AI 14 0 25 :Eu 2+ (SAE) 
BaAI 8 0, 3 :Eu 2+ 



BLUE-GREEN: 
10 StaMuO^E^ 

BaA! 8 Oi 3 :Eu 2+ 

2SrO-0.84P 2 O 5o . 16 B 2 Q 3 :Eu 2 * 

MgW0 4 

BaTiP 2 O s 
15 (Ba,Sr,Ca)MgAlioO, 7 :Eu 2+ ,Mn 2+ 

(Ba.Sr.Ca&PO^CI.F.OHy.Eu^Mn 2 *, Sb 3 * 

GREEN: 

(Ba ( Sr,Ca)MgAI 10 O n 7:Eu 2+ ,Mn 2+ (BAMn) 
20 (Ba,Sr,Ca)AI 2 0 4 :Eu 2+ 

(YGd.Lu.Sc.LajBO^Ce^.Tb 3 * 
Ca 8 Mg(Si0 4 )4CI 2 :Eu 2+ ,Mn 2+ 
(Ba.Sr.CaJzSiO^Eu 2 * 
(Ba.Sr.CaMMg.ZnjSbOy.-Eu 2 * 
25 (Sr > Ca,Ba)(AI,Ga,ln) 2 S 4 :Eu 2+ 

(Y,Gd,Tb,La,Sm,Pr, Lu) 3 (AI,Ga) 5 0 12 :Ce 3+ 



(Ba,Sr)2(Ca,Mg 1 2n)B206:K 1 Ce,Tb 

30 

YELLOW-ORANGE: 

(Sr.Ca.Ba.Mg.ZnkP^Eu 2 *, Mn 2+ (SPP); 
<Ca,Sr l Ba l Mg) 10 (PO 4 ) 6 (F I CI,Br,OH): Eu 2+ ,Mn 2+ (HALO); 

35 RED: 

(Gd,Y,Lu,La) 2 0 3 :Eu 3+ 1 Bi 3+ 

(Gd,Y,Lu,La) 2 0 2 S:Eu 3+ ,Bi 3+ 

(Gd,Y,Lu,La)V0 4 :Eu 3+ ,Bi 3+ 

(Ca,Sr)S:Eu 2+ 
40 SrY 2 S 4 :Eu 2+ 

CaLa 2 S 4 :Ce 3+ 

(Ca,Sr)S:Eu 2+ 

3.5MgO*0.5MgF 2 *GeO 2 :Mn 4+ (MFG) 
(Ba,Sr,Ca)MgP 2 0 7 :Eu 2+ ,Mn 2+ 
45 (Y,Lu) 2 W06:Eu 3 +, Mo 6+ 



ORANGE: 

(Y 1 ln,Gd 1 La 1 Lu,Sc)B0 3 :Eu 3+ 




]|(Si0 4 ^ 4 CI 2 : Eu 2+ , Mn 2+ (CASI) 
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YV0 4 :Dy 3+ 

GdMgB 5 Oio:Ce 3+ , Dy 3+ 
(Tb, Y, Lu, La, Gcty, (AI,Ga)50 12 :Ce 3+ 
(Ba 1 Sr,Ca)5(PO 4 )3(Cl 1 F,0H):Eu 2+ > IVIn 2+ l Sb 3+ 
5 (Sr,Ba)GdB 8 Oi 6 :Eu 3+ 

The weight ratio of each of the individual phosphors in the phosphor 
blend may vary depending on the characteristics of the desired light output. 
The relative proportions of the individual phosphors in the various embodiment 

10 phosphor blends may be adjusted such that when their emissions are blended 
and employed in an LED lighting device, there is produced visible light of 
predetermined x and y values on the CIE chromaticity diagram. As stated, a 
white light is preferably produced. This white light may, for instance, may 
possess an x value in the range of about 0.30 to about 0.45, and a y value in 

15 the range of about 0.30 to about 0.45. 

The relative amounts of each phosphor in the phosphor composition can 
be described in terms of spectral weight. The spectral weight is the relative 
amount that each phosphor contributes to the overall emission spectra of the 
phosphor blend when excited by UV light. The spectral weight amounts of all 

20 the individual phosphors should add up to 1. Although not intended to be 
limiting, the phosphor composition of the present invention may generally 
contain, in spectral weight amounts, about 0.01-0.3 of a blue phosphor, about 
0.1-0.5 of a green phosphor, and the balance including the red 
(Ba,Sr,Ca) 3 MgSi 2 08:Eu 2+ phosphor and, optionally, a yellow-orange phosphor 

25 and/or an additional red phosphor. As stated, however, the exact identity and 
amounts of each phosphor in the phosphor composition can be varied 
according to the needs of the end user. 

The phosphor composition described above may be used in additional 
applications besides LEDs. For example, the material may be used as a 

30 phosphor in a fluorescent lamp, in a cathode ray tube, in a plasma display 
device or in a liquid crystal display (LCD). The material may also be used as a 
scintillator in an electromagnetic calorimeter, in a gamma ray camera, in a 
computed tomography scanner or in a laser. These uses are meant to be 
merely exemplary and not exhaustive. 
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For example, in another embodiment, the (Ba 1 Sr 1 Ca)3MgSi 2 0 8 :Eu 2+ 
phosphor can be used to generate green photons in an LCD backlight 
phosphor blend. Figure 8 shows a system 50 for back-lighting a LCD unit via a 
mixture of saturated LEDs. Figure 8 shows a side elevational view of an LCD 

5 unit 52 including a back-lighting unit 54 having a number, N, of saturated LEDs 
56i-56n suitably mounted to emit radiation toward a back panel of LCD unit 52. 
In system 50, the LEDs LEDs 56i-56 N may, for example, be chosen to be two 
groups of LEDs each emitting different saturated colors. The 
(Ba l Sr I Ca)3MgSi 2 0 8 :Eu 2+ phosphor may be used to emit the red color for the 

0 backlight. The two colors are typically chosen so that they lie on a line on the 
CIE chromaticity diagram that contains therebetween the coordinates of the 
target color. 

The invention has been described with reference to various preferred 
embodiments. Modifications and alteration will occur to others upon a reading 
5 and understanding of this specification. The invention is intended to include all 
such modifications and alterations insofar as they come within the scope of the 
appended claims or the equivalent thereof. 
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What is claimed is: 

1 . A lighting apparatus for emitting white light comprising: 

a semiconductor light source emitting radiation having a 
wavelength in the range of from about 235 to about 430 nm; 

a phosphor composition radiationally coupled to the 
semiconductor light source, the phosphor composition comprising a blue 
emitting phosphor, a green emitting phosphor and a red emitting phosphor • 
comprising (Ba,Sr l Ca)3MgxSi20 8 :Eu 2+ l wherein 1<x<2. 

2. The lighting apparatus of claim 1, wherein the 
semiconductor light source is a light emitting diode (LED). 

3. The lighting apparatus of claim 2, wherein the LED 
comprises a nitride compound semiconductor represented by the formula 
IniGajAlkN, where 0 < i; 0 <j, 0 < K t and i + j + k = 1 . 

4. The lighting apparatus of claim 1, wherein the phosphor 
composition is coated on the surface of the semiconductor light source. 

5. The lighting apparatus of claim 1, further comprising an 
encapsulant surrounding the semiconductor light source and the phosphor 
composition. 

6. The lighting apparatus of claim 1, wherein the phosphor 
composition is dispersed in the encapsulant. 

7. The lighting apparatus of claim 1, further comprising a 

reflector cup. 

8. The lighting apparatus of claim 1, wherein said phosphor 
composition further comprises at least one of a blue-green emitting phosphor, 
an yellow-orange emitting phosphor, and an additional red emitting phosphor. 
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9. The lighting apparatus of claim 1 , wherein said phosphor 
composition comprises a spectral weight of 0.01-0.3 of the blue phosphor, 
about 0.1-0.5 of the green phosphor, and the balance of the red phosphor. 

10. The lighting apparatus of claim 1, wherein said blue 
emitting phosphor is selected from the group consisting of 
(Ba l Sr,Ca) 5 (P04)3(Cl l F,Br I OH):Eu 2+ , Mn 2+ ; Sb 3+ l (Ba,Sr,Ca)MgAlioOi 7 :Eu 2+ t Mn 2+ ; 
(Ba I Sr l Ca)BP0 5 :Eu 2 \ Mn 2+ ; (Sr,Ca)io(P0 4 )6*nB 2 0 3 :Eu 2+ ; 
2SrO*0.84P 2 O 5 *0.16B 2 O 3 :Eu 2+ ; Sr 2 Si 3 0 8 * 2 SrCI 2 :Eu 2+ ; Ba 3 MgSi 2 0 8 :Eu 2+ ; 
Sr4AI 14 0 25 :Eu 2+ (SAE); BaAI 8 Oi 3 :Eu 2 *; and mixtures thereof. 

11. The lighting apparatus of claim 8, wherein said red 
phosphor is selected from the group consisting of (Gd,Y,Lu,La) 2 0 3 :Eu 3+ ,Bi 3+ ; 
(Gd > Y,Lu,La) 2 0 2 S:Eu 3+ > Bi 3+ ; (Gd,Y,Lu l La)V04:Eu 3+ I Bi 3+ ; (Ca,Sr)S:Eu 2+ ; 

% SrY 2 S 4 :Eu 2+ ; CaLa 2 S 4 :Ce 3+ ; (Ca,Sr)S:Eu 2+ ; 3.5MgO*0.5MgF 2 *GeO 2 :Mn 4+ 

(MFG); (Ba,Sr,Ca)MgP 2 0 7 :Eu 2+ ,Mn 2+ ; (Y,Lu) 2 W0 6 :Eu 3 +, Mo 6+ ; and mixtures 
thereof. 

12. The lighting apparatus of claim 1, wherein said green 
phosphor is selected from the group consisting of 
(Ba.Sr.CaJMgAlioO^.Eu^Mn 2 * (BAMn); (Ba,Sr f Ca)AI 2 0 4 :Eu 2+ ; 
(Y,Gd,Lu,Sc,La)B0 3 :Ce 3+ ,Tb 3 *; Ca 8 Mg(Si0 4 ) 4 CI 2 :Eu^Mn 2+ ; 
(Ba,Sr l Ca) 2 Si0 4 :Eu 2+ ; (Ba,Sr,Ca) 2 (Mg,Zn)Si 2 0 7 :Eu 2+ ; 
(Sr 1 Ca 1 Ba)(AI,Ga 1 ln) 2 S 4 :Eu 2+ ; (Y^dTb.La.Sm.Pr, Lu^AI.Ga^O^Ce 3 *; 
(Ca I Sr) 8 (Mg ) Zn)(Si0 4 )4CI 2 : Eu 2+ , Mn 2+ (CASI); Na 2 Gd 2 B 2 0 7 :Ce 3+ , Tb 3+ ; 
(Ba 1 Sr)2(Ca f Mg,Zn)B206:K,Ce,Tb; and mixtures thereof. 

13. The lighting apparatus of claim 1, wherein said 
(Ba,Sr,Ca) 3 Mg x Si 2 0 8 :Eu 2+ phosphor emits radiation having a first emission 
peak at about 430 to about 475 nm and a second emission peak at around 610 
to 700 nm. 
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14. The lighting apparatus of claim 1, wherein said 
(Ba 1 Sr I Ca) 3 Mg x Si208:Eu 2+ phosphor contains a greater amount of Sr than Ba or 
Ca. 

1 5. The lighting apparatus of claim 1 , wherein x = 1 . 

16. The lighting apparatus of claim 1, wherein the total 
combined doping levels of Eu 2+ and Mn 2+ is from 0.1% to 40% by weight of the 
total phosphor composition. 

17. A method for forming a lighting apparatus, the method 
comprising the steps of: 

providing a near UV LED capable of emitting radiation 
having a wavelength of from about 235 to about 430 nm; and, 

radiationally coupling a phosphor composition to the LED, 
the phosphor composition comprising a blue emitting phosphor, a green 
emitting phosphor and a red emitting phosphor comprising 
(Ba ) Sr 1 Ca)3Mg x Si20 8 :Eu 2+ 1 wherein 1<x^2; 

wherein the phosphor composition is capable of absorbing 
the radiation emitted by the semiconductor light source and converting the 
radiation into white light. 

18. A phosphor blend comprising a blue emitting phosphor, a 
green emitting phosphor and a red emitting phosphor comprising 
(Ba.Sr.CafeMgxSi^OsiEu 2 *, wherein 1<x<2. 

19. The phosphor blend of claim 18, wherein said phosphor 
blend is capable of absorbing the radiation emitted by a semiconductor light 
source emitting from 235-430 nm and converting the radiation into white light. 

20. A lighting apparatus for emitting light comprising: 

a semiconductor light source emitting radiation having a 
wavelength in the range of from about 235 to about 430 nm; 
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a phosphor composition radiationally coupled to the 
semiconductor light source, the phosphor composition comprising a red 
emitting phosphor comprising (Ba 1 Sr,Ca) 3 MgxSi208:Eu 2+ I wherein 1^x<2. 

21 . A lighting apparatus for emitting light according to claim 20, 
wherein x = 1. 

22. A lighting apparatus for emitting light according to claim 20, 
wherein said (Ba l Sr,Ca) 3 I\/lgxSi208:Eu 2+ phosphor emits radiation having a first 
emission peak at about 430 to about 475 nm and a second emission peak at 
around 610 to 700 nm. 
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